Introduction
The course "mechanics of materials" is one of the core technical courses for any mechanical engineering program. The key contents of this course are to describe and explain the mechanical behaviors of materials, to derive and implement stress/strain theories under different loadings for the purpose of preparing students to perform product designs. It is well known that these contents are difficult for students to grasp by simply reading textbooks or attending lectures [1, 2] . The course is generally accompanied by a set of laboratory experiments for the purposes of displaying mechanical behaviors of a specimen under loadings and reinforcing students' understanding of stress/strain theories [3, 4] .
The course at Wentworth Institute of Technology has a format of 3-2-4, which is 3 hours lecture, 2 hours lab per week for a total of 4 credits. Our old strength of materials laboratory had several manually-controlled hydraulic Tinius Olsen test machines. All of our labs for the course were physical labs, that is, students used Tinius Olsen machines to test specimen under different loadings. Students liked physical labs because they let students see, hear and feel mechanical behaviors of a specimen under different loadings. However, our students complained that they couldn't fully grasp stress/strain theories or couldn't fully visualize stress/strain of components under different loadings through reading textbooks or through physical labs.
In spring 2014, our strength laboratory was fully upgraded from manually-controlled hydraulic Tinius Olsen machines to program-controlled Instron machines. In Instron machines, the corresponding test method is pre-programmed for each individual testing. Therefore, students only need a minimum set-up time, can complete more testing, and can focus on watching mechanical behaviors of a specimen under testing. As a result of equipment upgrade, a new set of laboratory experiments was required to be developed.
It is well known that learning is enhanced when students consider problems from different perspectives and their conceptual learning can significantly be enhanced by providing opportunities to visualize the effects of their theoretical analysis [5, 6] . We decided that the new set of the laboratory experiments would include both physical labs and virtual labs. Virtual labs could be different types including a software-based mock-up of the experiment, remotecontrolled web-based interface labs, recorded videos of experiments and Finite Element Analysis (FEA) simulation [4] . FEA simulation is commonly used in industry as a design tool and is a digital version of the stress/strain theories. Several universities have successfully used FEA simulation in their mechanics of materials courses [7, 8] . We decided to use FEA simulation in our virtual labs. This paper will present the list of laboratory experiments, and will be focused on description, explanation and implementation of our virtual labs -FEA simulation labs. The feedback from lab reports and students' survey will be presented and analyzed in this paper.
The new set of laboratory experiments
After the laboratory equipment was updated in spring 2014, in order to give students more opportunities to explore stress/strain theories from different perspectives and to facilitate students understanding of delivered contents, the course "mechanics of materials" was integrated with three different approaches which were lecturing with homework assignments, physical labs, and virtual labs. During lecturing, we described typical mechanical behaviors of materials under loadings, explained in detail the stress-strain curves of typical materials, derived each stress/strain formula of objects under different loadings, and demonstrated examples of how to implement stress/strain theories. Students were asked to implement stress/strain theories delivered during lecturing to complete a set of homework. Hibbeler's book [9] was the textbook for the course.
Physical labs were hands-on experiments of a specimen under different loadings on Instron machines. During experiments, different test information such as stress-strain data was displayed simultaneously. After initial set-up (assembling specimen on Instron), the preprogramed test method was used to perform the experiment. This enabled the students to focus on changes on the specimen and the computer screen which simultaneously displayed the test data such as load vs. elongation of the specimen. The main objectives of physical labs were to enable students to see, and hear the mechanical behaviors of materials under testing such as a linear relationship between stress and strain, yielding phenomena, necking phenomena, cracking and fracture. In lab reports, students were asked to describe and explain their observations. Typical physical labs included compression of columns with different materials, tensile tests of different shape specimen with different materials, double shear tests of round bars with different materials, tensile tests of standard threaded specimen with different materials and bending tests. A full list of physical labs is included in Table 1 . Stress/strain theories are based on several assumptions and are presented as a set of formulas. These assumptions and concepts of stress/strain theories are typically hard to grasp by students through reading textbooks or through physical labs. Some students indicated that the stress/strain theories seemed to be very clear in lectures and in the textbook formulas, but these could hardly resonate with them in their minds. The hands-on experiments didn't enable students to view stress/strain field over the entire specimen. A new set of labs, virtual labs (FEA simulation) was designed to visualize the assumptions and stress/strain theories. In the virtual labs, through mouse clicking, students could see the stress / strain at any point of the object. They could view a stress/strain along a line and a stress/strain distribution of the object. There are three main sets of formulas in mechanics of materials: the stress/strain formula for objects under axial loading; the stress/strain formula for circular solid or hollow shafts under torsional loadings and the strain/strain formula of beams under lateral shearing force and bending moment [9] . The main objective of these virtual labs was to enhance students' understanding of the stress/strain theories and related assumptions through visualization. We designed three virtual labs to facilitate students' understanding of these three formulas. A full list of virtual labs is included in Table 1 .
Implementation of physical labs and virtual labs
Physical labs were performed in teams of 4 students. Each team worked together to complete lab activities and a team lab report. Virtual labs were individual labs and each student was required to complete his/her FEA simulation and lab report. Since physical labs are universal for colleges, we will not describe and explain them in detail in this paper. We will describe and explain in detail the implementation of the three virtual labs.
In the new set of strength labs, virtual labs were the FEA simulation labs. In our school, every student is given a laptop in their first semester. In the mechanical engineering curriculum, freshman learns how to use SolidWorks to create 3D models, the mechanical drawing of components and assemblies in the course engineering graphics. Our school holds 1000 educational licenses which allow students to access every module of SolidWorks. The simulation module of the SolidWorks package was used in these virtual labs. The purpose of virtual labs was not to teach students how to run FEA simulation. Instead, SolidWorks simulation was used as a platform to run virtual labs and we treated the laptop equipped with SolidWorks simulation as testing equipment. Since the testing specimen in virtual labs had simple geometries and boundary conditions, the steps for performing FEA simulation on them [10] were manageable. The test procedures for each virtual lab were fully described in the lab handout. At the beginning of each virtual lab, an instructor demonstrated one case of the virtual test first and then students would perform their own virtual labs. In the following, we will explain three virtual labs in details.
Lab#6 virtual axial loading lab
This was the first virtual lab -FEA simulation. For objects under axial loading, the main assumption is that the stress of any point on the same cross-section is constant. The goals of this virtual lab were: (1) visualize stress/strain distribution of a specimen under axial loading; (2) visually verify that the normal stress on the same cross-section of the bar under axial loading is constant. The activities of this lab were: (1) run four cases of FEA simulations on the specimen which were a round bar and a rectangular plate under tension and compression to complete goals 1 and 2 mentioned above; (2) compare FEA simulation results with theoretical calculation results; and (3) write a lab report.
The SolidWorks, 3D models of four virtual test specimen were provided for this virtual lab. In this paper, we will only show the following case-a rectangular plate under axial tension. The rectangular plate 5"x1"x0.3" was subjected to a 1000 lb tensile load on both ends as shown in Figure 1 . The FEA simulation setting for this were: (1) material of A36 steel; (2) global meshing size 0.1"; and (3) "use inertial relief" [10] as an equivalent fixture of the specimen.
Students were asked to follow the instructor's demonstration of this case step by step and upon completion of the lab, the stress/strain and related information about the virtual specimen under axial tension were available. The axial normal stress distribution of the specimen is displayed in Figure 2 . From this plot, students could probe axial normal stress values at any point. The plot visually showed that the axial normal stress on the constant-cross-section plate under an axial tension was constant. The small variation of the axial normal stress was simply due to the numerical simulation technique. The axial normal stress along the line AB indicated in Figure 1 is shown in Figure 3 . This graph visually proved that normal stress of any point on the same cross-section of the component under an axial load is constant. The plot and graph were the visualizations of the stress/strain formula and the related assumption of components under axial loading.
The maximum axial normal stress in the FEA simulation was 3333.4 psi and that in the theoretical calculation was 3333.3 psi. The relative error was only 0.003 percent. After the demonstration, students were asked to independently complete the remaining three cases and then wrote the lab report. This was the second virtual lab-FEA simulation. For round shafts under torsional loading, the main assumption of the stress/strain theory is that shear stress along a radial line varies linearly on the same cross-section. The goals of this virtual lab were: (1) visualize stress/strain distribution of round shaft under torsion; and (2) visually verify that shear stress along a radial line varies linearly on the same cross-section. The activities of this lab were: (1) run two cases of FEA simulations on solid and hollow shafts under torsional loading to complete the goals 1 and 2 mentioned above; (2) compare FEA simulation results with theoretical calculation results; and (3) write a lab report.
The SolidWorks 3D models of two virtual test specimen (solid shaft and hollow shaft) were provided for the virtual lab. In this paper, we will only show the following case -the solid shaft under torsional load. The solid-shaft with a 1" diameter and total length 10" was subjected to a 1000 lb.in torque on both ends as shown in Figure 4 . The virtual lab setting for this case were:
(1)1000-lb-in torque was applied on the left and right end, but in an opposite direction as shown in Figure 4 ; (2) material was AISI 1045 CD; (3) global meshing size was 0.1" for meshing; and (4) "inertial relief" was used as an equivalent fixture of the shaft specimen.
Figure 4 Schematic of the solid shaft under torsional loadings
After FEA simulation was completed, the stress/strain and related information of the virtual specimen under torsional loading were available. The shear stress distribution of the specimen is displayed in Figure 5 . From this plot, students could probe shear stress value at any point. The shear stress along the diameter AB is shown in Figure 5 . This graph visually proved that shear stress along a radial line varied linearly on the same cross-section. The plot and graph were the visualizations of the stress/strain formula of components and the related assumption under torsional loadings. The maximum shear stress of the solid shaft under torsion in the FEA simulation was 5128 psi and the value in the theoretical calculation was 5093 psi. The relative error was only 0.007 percent. After the demonstration was completed, students were asked to independently complete the hollow shaft FEA simulation case and then wrote the lab report.
Lab#11 Virtual bending-shearing lab
This was the last virtual lab-FEA simulation. For a cantilever beam with a symmetrical geometry under a lateral shearing force, the main assumption for the bending stress/strain theory is that bending stress is linearly proportional to the distance from the neutral axis. The main assumption for shear stress is that shear stress can be treated as a constant on a line parallel to the neutral axis. The goals of this virtual lab were: (1) visualize bending and shear stress distribution of beams; (2) visually verify that bending stress along a line perpendicular to the neutral axis of the cross-section varies linearly; (3) visually verify that shear stress on a line parallel to the neutral axis of a beam cross-section is constant. The activities of this labs were: (1) run two cases of FEA simulations on beams with a round cross-section and a rectangular cross-section under a lateral force to complete the goals 1-3 mentioned above; (2) compare the FEA results with theoretical results; and (3) write a lab report.
The SolidWorks 3D models of two virtual test specimens (beams with a round cross-section and a rectangular cross-section) were provided for this virtual lab. In this paper, we will only show the following case-the beam with a rectangular cross-section. The rectangular cantilever beam 5"x1"x0.5" was subjected to a 2000 lb lateral load on the free-end of the cantilever beam as shown in Figure 7 . The virtual experiment settings for this FEA simulation were: (1) 2000-lb force is applied on the free-end of the cantilever beam. The force was downwards on the surface of the free-end; (2) the right end of the beam was fixed; (3) the material was AISI 1045 CD; (4) global element size was 0.1" for meshing; and (5) the line AB and line CD were vertical and horizontal, respectively, through the centroid of the middle cross-section of the beam.
After FEA simulation was completed, the stress/strain and related information of the beam under the lateral force were available. The bending stress distribution of the cantilever beam is displayed in Figure 8 . From this plot, students could probe bending stress values at any point. The bending stress along the line AB perpendicular to the neutral axis of the middle crosssection is shown in Figure 9 . This graph visually verified that bending stress along a line perpendicular to the neutral axis of the cross-section varied linearly. Figure 7 Schematic of the cantilever beam with a rectangular cross-section Figure 8 Bending stress of the cantilever beam under a lateral loading Figure 9 Bending stress along the line AB on the middle cross-section of the cantilever beam
The shear stress distribution of the cantilever beam under a lateral load is displayed in Figure 10 . From this plot, students could probe shear stress values at any point. The shear stress along the line CD on the middle cross-section is shown in Figure 11 . This graph visually indicated that shear stress along the line CD had a slight variation, but could be treated as a constant. This visually verified the assumption for shear stress theory under transverse shear loading. Figure 10 Shear stress distribution of the cantilever beam
The FEA simulation through the distribution plots and the graphs (Figures 8-11 ) virtualized the bending stress formula, the shear stress formula of beams and related assumptions. On the middle cross-section of the cantilever beam, the maximum bending stress in the FEA simulation was 60040 psi and the theoretical calculation value was 60000 psi. The relative error was only 0.007 percent. On the middle cross-section of the cantilever beam, the maximum shear stress on the line CD in the FEA simulation was -6076 psi and the theoretical calculation was -6000 psi.
The relative error was only 1.3 percent. After the demonstration was completed, students were asked to independently complete the round-solid beam simulation case and then wrote the lab report. The virtual labs were individual assignments and students needed to write a report for each lab. Once students successfully visualized the stress/strain distribution during the demonstrations and were able to probe the values of stress/strain at any point, they became highly motivated to perform the remaining load cases on their own. Students were really impressed by the virtual labs when their results visually proved the assumptions in the stress/strain theories and the relative errors between the virtual labs and the theoretical calculation were very small.
Some students came back for helps during the lab hours or office hours because the relative errors in their runs were huge. They knew that something was wrong in their virtual labs because the instructor had shown them that the relative error was very small through the demonstration. The mistakes they made in most cases were that they used the wrong types of stress or set some settings incorrectly such as the element size.
In order to complete the reports for each virtual lab, they needed to run the FEA simulation and also perform the theoretical calculation for comparing the results. In their reports, they clearly concluded that FEA simulation visually proved all assumptions in the stress/strain theories and the FEA simulation could provide acceptable stress results of components under specified loads.
In some conversations with students about the virtual labs, we asked whether they had a better understanding of the stress/strain theories as a result of these labs. Some students positively said yes. Their explanations were: first, statements in the textbook explain the stress/strain theories and second, the calculation through the theoretical formulas explain theories again. Now, third, the virtual lab done by themselves visualized and visually verified the theories. These three different exposures to the stress/strain theories really helped them to understand the stress/strain theories. The visualization of stress/strain theories and related assumptions really helped them to have a better understanding of the theories. Of course, there were also a few students who indicated that the stress/strain theories and formulas were sufficiently clear to them. To them, virtual labs were not necessary, but they all agreed that FEA was a powerful and useful tool for stress calculation.
Students' survey data analysis
Since the implementation of the new laboratory experiments, a short students' survey was used to collect data on the students' feedback.
The first survey question was "The virtual labs (the FEA simulation labs) helps me to have a better understanding of stress theories and visualization of stress distributions". 92% of students overwhelmingly said that the virtual lab (FEA simulation) helped them to have a better understanding of stress/strain theories. The second survey question was "The labs for the course of "Mechanics of Materials" should continually include those virtual labs". 83.3 percent of students agreed that the virtual lab should be continually included as part of strength labs for "Mechanics of Materials".
The third survey question was "Any comments and suggestions for the virtual labs". The followings are some comments:
• The virtual labs were helpful and helped to provide an alternative visualization of what we learned in class. My only complaint about them is there were a bit repetitive but still worthwhile.
• My co-op interview asked if I have any experience using FEA simulation because of this class, I can say yes.
• I like having more physical labs than virtual labs. The balance between these two in this class was perfect.
• The virtual labs visually display and verify some assumptions in stress formula. This helped me to have a better understanding of stress formula." 
Discussions and conclusions
The newly created set of laboratory experiments for "Mechanics of Materials" course has been accepted by the majority of our students and successfully implemented in our programs since fall 2014. This includes physical and virtual labs (FEA simulation) which have increased the better understanding of stress/strain theories of objects under different loadings for the students. The followings are some conclusions.
• Compared with the manually-controlled hydraulic Tinius Olsen machines, the Instron testing machines are automatically controlled by using the Instron's BlueHill software. This allows students to concentrate on observing mechanical behaviors of materials under different loading rather than having to manually gather the data.
• Using the new Instron machines, students were able to see the real-time progression during the experiment. For example, in a typical tensile test, students could see the graphical representation of different zones such as linear, yielding and necking zones on the computer monitor. This helped our students to have a better understanding of stress-strain theories.
• The Finite Element Analysis (FEA) simulation was also used to help students with the understanding of stress and strain distribution for different types of loading. Our intention here is not to teach to how to use the software, but rather how the results are analyzed and compared with the theory. This is a great tool for visualization of stress distribution.
Based on our experience and also direct/indirect feedback from our students, we have shown that the combination of physical and virtual labs was the best way for our students to have a better understanding of basic concepts of stress/strain theory. 92% of our students overwhelmingly agreed that the virtual lab (FEA simulation) helped them to have a better understanding of stress/strain theories. Also, 83.3 percent of students agreed that the virtual labs should be continually included as a lab module in the "Mechanics of Materials" course.
